We give a short summary of results that are known about the 1-loop corrected low energy effective action of 4-dimensional toroidal type IIB orientifolds with N = 1 supersymmetry. Our focus will be on those results which are needed to determine the Kähler potential for the moduli fields.
Introduction
The knowledge of (perturbative) quantum corrections to the low energy effective action can be important in many circumstances in string phenomenology, for instance if there is no effect at all to leading order, i.e. at tree level. A well known example is the no-scale structure of the potential arising for example in type IIB flux compactifications on a warped Calabi-Yau space. In this case, quantum corrections are essential in the attempt to stabilize the Kähler moduli [1, 2, 3, 4] . In general quantum corrections to the low energy effective action increase the possibilities for model building and moduli stabilization, as is well exemplified by the large volume scenario [5] . The corresponding non-supersymmetric vacua only exist if one includes the α -correction to the Kähler potential derived in [6] . Obviously, it is then important to include further quantum corrections in order to analyze the actual existence and the "precision phenomenology" of this kind of vacua [7] .
We will state our calculational setup in sec. 2 and present our (and earlier) results in sec. 3.
Calculational setup
In this article we focus on theories with N = 1 supersymmetry in four dimensions and our main examples are toroidal type IIB orientifolds with this minimal amount of supersymmetry. Let us start by reminding the reader that the general form of the N = 1 supersymmetric low energy Wilsonian effective action in the Einstein-frame is determined by three functions, the superpotential W , the gauge kinetic function f ab and the Kähler potential, according to 
2)
As is well known, the superpotential and the gauge kinetic function are holomorphic functions of the scalar fields and they obey non-renormalization theorems ensuring that they only get nonperturbative corrections (W ) or 1-loop and non-perturbative corrections ( f ab ). Thus, the most complicated ingredient of the N = 1 supersymmetric low energy effective action is typically the (real) Kähler potential. Its perturbative quantum corrections can arise from all loop orders. Its 1-loop correction is the focus of this article and we will exemplify our discussion with results from type IIB orientifolds. Several different methods have been employed in the past in order to determine quantum corrections to the Kähler potential. One approach makes use of known corrections to the type II theory by truncating terms that are eliminated by the orientifold action, see [6] for an example. Alternatively, one might make use of duality to the heterotic string. An example of this can be found in [8] . In the present article we focus on a third approach, using scattering amplitudes in type I theory.
We will summarize the results obtained in this way in [9, 10, 11] and also include some work in progress [12] .
It turns out that in order to determine the 1-loop corrected Kähler potential of the (untwisted) moduli fields we need to extract from the string amplitudes the 1-loop correction to
• the kinetic term of the scalars,
• the Einstein-Hilbert term,
• the definition of the field variables in which the N = 1 supersymmetry is manifest.
The importance of the first point is intuitively clear. The motivation for points 2 and 3 arises from Weyl-rescaling and from the distinction between the string theory basis for the scalar fields (which is used for the string amplitude calculation) and the field theory basis (in which the N = 1 supersymmetry is manifest), cf. [13] for instance. This map between string theory and field theory variables in general can get loop corrections.
Let us be a bit more precise on these points. In order not to overload the notation we focus for the present discussion on a single scalar τ = τ (0) + δ τ which might for instance be a Kähler modulus. τ (0) is the field theory variable at lowest order, i.e. at tree level, and δ τ denotes its 1-loop correction. From string scattering amplitudes one can extract the terms in the low energy effective action in the form
where δ E is a 1-loop correction to the Einstein-Hilbert term andG (k) are the tree-and 1-loop contributions to the sigma model metric of τ (0) . In writing down (2.4), we assume that the vertex operator for the metric fluctuations is traceless. Thus at string tree level, where the vertex operators are defined, the resulting action would be in Einstein frame, cf. sec. 16.3 in [14] . However, in type II theory and orientifolds thereof there is a 1-loop correction to this which we denoted by δ E in (2.4), cf. also [15, 16, 17, 18, 19] . Then one can reach the action in Einstein frame (called the "1-loop corrected Einstein frame" in [16] ) by performing a Weyl-rescaling 5) where g µν denotes the metric appearing in (2.4). The Weyl-rescaling transforms the Ricci-scalar in D-dimensions according to
cf. appendix D in [20] , for instance. Here R is the Ricci-scalar appearing in (2.4). The second term in (2.6) leads to a total derivative and can be dropped and the third term only contributes a term of higher order in the string coupling than 1-loop. Thus, the only effect of the Weyl-rescaling on the sigma model metric in (2.4) to 1-loop order is thatG (0) is multiplied by a factor Ω 2 . Moreover, if the map between the string and the field theory basis indeed gets modified at 1-loop to
this would lead to a contribution to the τ-metric at 1-loop order according tõ
(2.8) Now that we know which ingredients we need to determine, let us say a few words about the method that we employed in [9, 10, 11] in order to determine the 1-loop corrections to the scalar metric and the Einstein-Hilbert term. The aim is to read off these quantities from a 2-point function of the corresponding scalar and of 2 gravitons, respectively. However, it is well known that string scattering amplitudes calculate on-shell S-matrix elements and, thus, 2-point functions for massless fields vanish when imposing momentum conservation. In our calculations we used a trick due to [21, 22] (generalized to the graviton 2-point function in [15] ). Concretely, we did not impose momentum conservation in intermediate steps. As argued in [22] , the scattered states have to be on-shell for consistency of the calculation. However, momentum conservation is imposed by integrating over the string zero modes and one is allowed to leave this integration until the end of the calculation. Not imposing momentum conservation, one obtains a non-zero Lorentz scalar built from the two momenta, i.e.
This allows to read off the sigma model metric of the scalars according to
and the correction to the Einstein-Hilbert term according to
where the εs are the polarisation tensors of the gravitons h. In [21] this trick was used to calculate the 1-loop contribution to the mass of a scalar charged under an anomalous U(1) (i.e. not for its kinetic term) and the result was checked via a 4-point calculation. Similarly, the result for the scalar kinetic terms of an N = 2 theory were checked in [9] via a 4-point function and the 2-point function result for the Einstein-Hilbert term of [15] (again for an N = 2 theory) were backed by a 3-point amplitude in [17] . Thus, we are confident enough to apply the trick also for corrections to the scalar sigma model metrics and to the Einstein-Hilbert term in models with N = 1 supersymmetry (as in [21] ). Admittedly, it would be very worthwhile to check our results with the help of 3-or 4-point amplitudes. We leave this for future work.
Results
In this section we summarize our results pointing out also prior results in the literature. We always use the Z 6 -orientifold with twist vector
as our main example, cf. [23] . The reason is that this model has minimal 4D supersymmetry, i.e. N = 1, and it contains both D9-and D5-branes which are wrapped around the third torus of the internal orbifold.
Scalar kinetic term
Let us begin with our results concerning the scalar kinetic terms. In order to be concrete, we specify to the kinetic term of the Kähler modulus of the third torus, i.e.
which, at sphere level, is given in terms of the string theory variables according to [15, 13] 
Here (and in the following), Φ without any subscript denotes the 10-dimensional dilaton and V 3 is the volume of the third torus measured with the string frame metric. At sphere level (including α -corrections) the metric appearing in (2.4) is given bỹ
where V is the overall volume of the internal space (again measured with the string frame metric) and χ is its Euler number (χ = 48 for the Z 6 -orientifold, cf. [24] , for instance). The N = 2-sector contributions resulting from the annulus (A ), Möbius (M ) and Klein-bottle (K ) were determined in [9] . Together with the torus (T ) contribution, proportional to the Euler number, they are given byG
Here Φ 4 is the 4-dimensional dilaton related to the 10-dimensional one via
and V 2 is the volume of the second torus and a 1 and a 2 are two constants of order 1 that were not determined in [9] . Moreover, U 2 and U 3 are the complex structures of the second and third torus, respectively, and the Eisenstein series E 2 is defined via
Note that only the complex structure of the second torus (i.e. U 2 ) is not fixed by the orbifold action.
The new result of [10] was the determination of the N = 1 sector contributions of A , M and K . Their moduli dependence is simpler than the one of the N = 2 sectors. It arises mainly from the normalization of the vertex operators and from the dilaton dependence in Einstein frame. 1 1 One could expect a more complicated moduli dependence of the N = 1 sector contributions in the presence of world volume fluxes (or for branes at angles), interpolating from the corresponding results for gauge thresholds, cf. [25, 26] . For open string scalars with branes at angles, we found a vanishing result for the N = 1 sector contributions of the 1-loop correction to the sigma model metric [27] . It would be interesting to consider the closed string moduli metric for those models as well.
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Towards
Again for the Kähler modulus of the third torus in the Z 6 -orientifold, [10] found the result
where we made use of the second Clausen function
and Cl 2 π 3 ≈ 1.015. Comparing this with (3.5), it is obvious that this represents a correction to the torus contribution (which also arises from the N = 1 sector contributions of T ).
Einstein-Hilbert term
Let us now come to the 1-loop corrections to the Einstein-Hilbert term. In string frame the Einstein-Hilbert term up to 1-loop in Calabi-Yau compactifications of type II theories are known to be of the form [16] 
where the upper (lower) sign corresponds to the result of type IIB (IIA). Obviously, the correction to the Einstein-Hilbert term vanishes on manifolds with χ = 0, like K 3 × T 2 . Nevertheless, it was shown in [15] that there is a correction to the Einstein-Hilbert term for type I theory even in that case, arising from A , M and K . Concretely, they found
for some constant a. In contrast to the situation in type II and type I string theory, there is no 1-loop correction to the Einstein-Hilbert term in 4-dimensional heterotic compactifications [28, 29] and the EinsteinHilbert term only gets α -corrections, i.e.
This can be derived in different ways. One possibility is to notice that the integrand of a torus or higher loop graviton 2-point function in heterotic string theory is a total derivative [30] . Another way is to consider the R 4 -terms in 10 dimensions. These come in two different forms, involving different contractions of four Riemann tensors and denoted t 8 t 8 R 4 and ε 10 ε 10 R 4 in the literature. We will not need their exact definitions. The only thing we need to know is that the first kind of R 4 -terms leads to a correction of the 4-dimensional kinetic terms of the scalars after compactification on a Calabi-Yau manifold while the second kind leads to a correction of the 4-dimensional EinsteinHilbert term [16] . The R 4 -terms in type II theory were first calculated in [31, 32, 33] and lead to ζ (3)e −2Φ + 1 t 8 t 8 R 4 − ζ (3)e −2Φ ± 1 ε 10 ε 10 R 4 (3.14)
where again the upper (lower) sign refers to type IIB (IIA). Under compactification on a Calabi-Yau manifolds the ε 10 ε 10 R 4 term leads to the 4-dimensional Einstein-Hilbert term given in (3.11).
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In contrast the 10-dimensional R 4 -terms of the heterotic string were determined in [34, 35, 36, 37, 38] Obviously, reducing this to 4 dimensions on a Calabi-Yau manifold does not lead to a 1-loop correction of the Einstein-Hilbert term. An interesting recent discussion about how this is consistent with heterotic / type I duality can be found in [39] . Let us now come to the new result obtained in [11] . Building on earlier work, i.e. [18] and in particular [19] which generalized the method of [15] to the N = 1 case, we derived the corrections to the Einstein-Hilbert term for the Z 6 -orientifold (as well as the Z 3 -orientifold). We find 16) where the term proportional to the Euler number χ arise from the torus, while the Cl 2 -term arises from the N = 1 sectors of A , M and K and the E 2 -terms are the contributions of the N = 2 sectors of A , M and K .
Field redefinitions
Finally let us come to the issue of field redefinitions. This phenomenon is well known in the literature and it is related to the fact that supersymmetry is often not manifest in the string theory field variables for which one can naturally write down the vertex operators (like the volume V T 2 of the torus in a K 3 × T 2 compactification, measured in string frame). Rather in order to express the scalar kinetic terms via a Kähler potential or in order to obtain a gauge kinetic function which depends holomorphically on the scalar fields, one usually has to combine the string theory variables to form field theory variables. It is when expressed in terms of these field theory variables that the scalar kinetic terms and the gauge kinetic functions take the form required by supersymmetry. This mapping between string theory and field theory variables often gets modified perturbatively by string loop or α corrections.
For instance, it was observed in [15] that the field theory variable describing the torus volume in a K 3 × T 2 compactification, defined at leading order in (3.3) (with V 3 replaced by V T 2 ), gets modified to
where a is a constant, A is an open string scalar and U is the complex structure modulus of the torus. In an expansion in the string coupling, the A 2 -and the E 2 -term appear at a higher order than the leading order term τ (0) . The A 2 -correction was subsequently confirmed to be consistent with the 1-loop calculation of the D-brane gauge couplings in this model [40] and it played a pivotal role in attempts to embed cosmic inflation into string theory [41] . A similar modification of closed string field theory variables due to the presence of an open string sector was discussed in [42, 43] , albeit in the presence of non-trivial angles between D-branes or world-volume fluxes, respectively. Another interesting example can be found in [44] , where it was shown that the field theory variables containing the 4-dimensional dilaton and the overall volume of the Calabi-Yau on which type II string theory is compactified, get corrections according to
with constants a 1 and a 2 . Finally, a well known example is the perturbative redefinition of the heterotic dilaton field sitting in a chiral N = 1 multiplet. This correction can be understood from a perturbative correction to the duality transformation from the dilaton linear multiplet to the chiral multiplet [45, 46, 47] .
For the case at hand, i.e. for the Z 6 -orientifold, the determination of the field redefinitions and of the final Kähler potential (for the untwisted moduli) is still work in progress [12] . However, we would already like to report on some preliminary results here. Note that one of the scalar fields is naturally described in string theory by a linear multiplet instead of a chiral mulitplet (the analog of the field S in [15] , whose axionic scalar is the dual of the RR 2-form C µν and whose imaginary part is given by Im(S) = e −Φ V ). Here we do not try to make contact to actual string theory calculations. Rather we assume that we already performed the duality to chiral multiplets only which we denote by T j = c j + iτ j ( j = 0, . . . , 3 for the untwisted dilaton and Kähler moduli of the Z 6 -orientifold). All imaginary parts have a leading order part given by τ The c j are axions and enjoy a shift symmetry in string perturbation theory. Of course, this would change under a holomorphic field redefinition of the T j , but we work with those field variables for which the shift symmetry is manifest as a symmetry of shifting the real parts of T j . This implies that the Kähler potential and, thus, the sigma model metric have to be independent of the c j . Consequently, one has 19) i.e.
Moreover, it turns out that it is sufficient to consider τ (0) -dependent redefinitions of τ j anyway, to begin with). Thus, we only consider
in the following (which is also the only choice that respects the shift symmetry of the real parts of T j ). It turns out that (3.20) and (3.21) together with an assumption about the τ-dependence of the loop corrections to the scalar metric are sufficient to fix the τ-dependence of the field redefinitions and the Kähler potential. More concretely, we assume that the τ (0) -dependence of the 1-loop corrections to the scalar metric takes the form 23) and similarly for the metric of the c i . The α i j in (3.22) are just constants. The sum over n in (3.23) runs over all N = 2 sectors. In each of these sectors there is a tower of Kaluza-Klein or winding modes running in the loop which have momentum or winding along the lth torus, respectively. Moreover, the dependence on the volume of the lth torus isα
for the contribution of Kaluza-Klein modes andα (n) i j (U l , V l ) ∼ V l for the contribution of winding modes. The dependence on the complex structure U l of the lth torus is left arbitrary. This ansatz is suggested by concrete string theory calculations [9, 7, 10] . Using this ansatz and (3.20) and (3.21) we find for the Z 6 -orientifold, for the field redefinition of τ 3 , for instance, 2
and for the Kähler potential of the dilaton and the untwisted Kähler moduli All the coefficients a i in (3.24) and b i in (3.25) are constants that have to be determined by comparing to actual string theory calculations.
Here we just want to end with a few comments. The term in the first row of (3.24) arises from N = 1-sectors of A , M , K and T , whereas the terms in the second row arise from N = 2-sectors of A , M and K . The final term (with coefficient a 4 ) is the analog of the correction of (3.17). It would be interesting to check the 1-loop field redefinition (3.24) also by calculating the D5-brane gauge coupling at 3/2-loop order, i.e. from surfaces with Euler number χ = −1 which are discussed for example in [48] . In the Kähler potential (3.25) , the term in the second row represents the α -correction from sphere level, the terms in the third row arise from N = 2-sectors of A , M and K and the term in the last row has its origin in N = 1-sectors of A , M , K and T .
Ioannis' sudden and sad death. It was a big loss. Ioannis will be remembered for his insightful physics and his kind personality.
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